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Abstract
This research project discusses the rapid weakening of Hurricane Fred, a major Category 3
hurricane that occurred in the Atlantic basin during the 2009 Atlantic hurricane season. Between
the days of 9 September and 13 September, Fred remained stationary off the coast of Africa in
the Atlantic Ocean and never made landfall, all the while consistently weakening over open
ocean from a major Category 3 hurricane to a tropical storm. In the Atlantic basin, I will define
the rapid weakening, or RW, of a tropical cyclone as a decrease in the storm’s maximum
sustained winds by 10.3 m s⁻¹ in a continuous 24-hour period. In the continuous 24-hour period
between 0600 UTC 11 September and 0600 UTC 12 September, Hurricane Fred weakened most
significantly from a Category 1 hurricane to a tropical storm, and its maximum sustained winds
decreased by 17.9 m s⁻¹. This decrease in tropical cyclone intensity clearly meets and exceeds the
threshold requirements for a tropical cyclone that underwent rapid weakening. Multiple
environmentally driven factors were analyzed within this case study in order to observe these
changes in tropical cyclone intensity, and to aid in determining the major causes leading up to
and inducing the rapid weakening of Hurricane Fred.
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Introduction
Kaplan and DeMaria (2003) have defined a threshold for rapid intensification in the
North Atlantic and eastern North Pacific as a 15.4 m s−1 increase or greater in the maximum
sustained winds throughout a continuous 24-hour period. They then analyzed this rapid
intensification, or RI, in periods within various storms by analyzing environmental factors that
affect tropical cyclone intensity. As periods of rapid intensification can be defined by this
previously stated threshold, periods of rapid weakening can be defined using a similar threshold,
and by analyzing the environmentally-driven factors that lead to rapid intensification or tropical
cyclone intensification and examining them conversely. High moisture content within the
atmosphere and, thus, high precipitable water and relative humidity values, high ocean heat
content, warm sea surface temperatures, and weak vertical wind shear are all environmentallydriven factors that are conducive for tropical cyclone formation and intensification. Kaplan et al.
(2010) states that vertical wind shear among other factors, has the highest weight in predicting
rapid intensification of tropical cyclones in the Atlantic basin. These factors can be analyzed just
as they have been in previous studies to study periods of rapid intensification, to, in this study,
determine causes for rapid weakening.
DeMaria et al. (2012) examined rapid weakening, or RW, and defined the threshold for
this weakening in the North Atlantic and eastern North Pacific to be a decrease in the maximum
sustained wind speeds by 10.3 m s⁻¹ in a continuous period of 24 hours. This threshold for rapid
weakening is also meant to be analyzed for only tropical cyclones that experience this consistent
weakening while also remaining over open ocean and not coming closer than 50 km of the
shoreline (Wood & Ritchie, 2015). This threshold of a 10.3 m s⁻¹ decrease in the maximum
sustained wind speeds of a tropical cyclone is used within this case study to help prove and
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analyze which environmentally-driven factors were most important in causing and leading to the
rapid weakening of Hurricane Fred in the Atlantic basin during the 2009 hurricane season.
Hurricane Fred was a Category 3 hurricane located in the North Atlantic that rapidly
weakened in September 2009 between 9 September and 13 September. The time period analyzed
within this study will be the period between 0600 UTC 11 September and 0600 UTC 12
September, as this is the continuous 24-hour period in which the tropical cyclone’s maximum
sustained wind speeds decreased by 17.9 m s⁻¹, exceeding the threshold for rapid weakening in
the North Atlantic, while remaining in the same location over open ocean, as well as over 50 km
from the shoreline. The locations of Hurricane Fred along with its tropical cyclone type and
strength on each day throughout its life cycle is given in Figure 1. In this figure, it can be
observed that the tropical cyclone remains in the same relative location as it loops during the
continuous 24-hour rapid weakening period. Hurricane Fred reached its peak intensity as a major
hurricane with maximum sustained winds of 51.4 m s-1 at 18 UTC 9 September, before it began
to continuously weaken. Because Hurricane Fred remained in the same relative position over the
open ocean far from the shoreline while weakening, there must have been some external
environmentally-driven factors influencing the storm and, thus, causing it to weaken so rapidly.
The meteorological overview of this event at 0600 UTC 11 September, at the beginning
of the analyzed rapid weakening period, includes Hurricane Fred positioned in the central North
Atlantic, with a negatively-tilted trough axis to the west-northwest, and a subtropical ridge to the
north-northeast. The various environmentally-driven factors previously stated will be utilized to
analyze this period of rapid weakening, along with microwave satellite imagery to observe the
organizational structure of the tropical cyclone throughout the rapid weakening period, and
represent and prove the rapid weakening of Hurricane Fred.
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Data and Methodology
In order to analyze this event, the synoptic pattern and environmental conditions
surrounding the tropical cyclone were plotted and analyzed at the beginning, and throughout, the
rapid weakening period. Gridded analyses from the Climate Forecast System Reanalysis (CFSR)
dataset were plotted from 0600 UTC 11 September to 0600 UTC 12 September. Only selected
time steps within this range will be shown in this report. The resolution of this dataset is 0.5° and
plots were generated using Jupyter Hub and a Python format. Using this dataset, plots including
precipitable water, sea level pressure and 300-hPa wind barbs, and 300-hPa heights and jet level
wind speeds were all generated to represent important features that interacted with the tropical
cyclone and contributed to its weakening while remaining stagnant over open ocean.
Gridded analyses from the Global Forecast System (GFS) dataset were plotted from 0600
UTC 11 September to 0600 UTC 12 September. The resolution of this dataset is 1.0° and these
plots were generated using Jupyter Hub and a Python format. Using this dataset, plots including
850-700-hPa layer-averaged relative humidity and wind barbs, and 200-850-hPa vertical wind
shear magnitude and wind barbs were generated to display important factors interacting with the
surroundings of the tropical cyclone that helped induce weakening.
Daily sea surface temperatures in degrees Celsius throughout the weakening period from
0600 UTC 11 September to 0600 UTC 12 September were plotted and analyzed through the
National Oceanic and Atmospheric Administration Optimum Interpolation Daily Sea Surface
Temperature Analysis (NOAA OISST) dataset. The resolution of this dataset is 0.25° and these
plots were generated using Jupyter Hub and a Python format.
Ocean heat content and layer-averaged vertical wind shear between 200-850-hPa were
also analyzed throughout the weakening period from 0600 UTC 11 September to 0600 UTC 12
3

September. This data was analyzed through already generated plots in the tropical cyclone
archive created and plotted by the Cooperative Institute for Research in the Atmosphere (CIRA)
that is a partner of the Regional and Mesoscale Meteorology Branch (RAMMB) of the National
Oceanic and Atmospheric Administration (NOAA).
Multiple backwards trajectories of air parcels starting at the location of the tropical
cyclone and backwards in time were plotted using the National Oceanic and Atmospheric
Administration’s (NOAA) Air Resources Laboratory Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) Model. This data was plotted to determine the source of air
parcels feeding into the storm, to represent dry air at different levels within the troposphere being
wrapped into the storm from off the coast of Africa, and, thus, display another source of rapid
weakening. These trajectories were plotted during the weakening period starting at 0600 UTC 12
September and then backwards in time to the beginning of the weakening period on 9 September.
Microwave satellite imagery taken from the tropical cyclone microwave imagery archive
in the Atlantic using data from the Space Science and Engineering Center in the University of
Madison Wisconsin was plotted as well. This data was plotted by extracting these matlab files
and using Jupyter Hub to convert these files into a Python format such that they can be plotted
and analyzed. These microwave satellite images were plotted throughout the weakening period
from 0600 UTC 11 September to 0600 UTC 12 September at various frequencies to verify the
rapid weakening of Hurricane Fred, and further display the disruption of the organizational
structure of the storm that is evident during the weakening period.
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Results and Analysis
The surrounding environmental set-up of Hurricane Fred at the beginning and during this
weakening period can be observed in Figure 2. By referring to Figure 2a and 2b, one can observe
the sea surface temperatures of the surrounding Atlantic Ocean on 9 September prior to the rapid
weakening period, and on 13 September following the duration of the rapid weakening period.
Figure 2a displays Hurricane Fred on 9 September just west off the coast of Africa sitting in the
central North Atlantic within sea surface temperature values between 26 and 29 degrees Celsius.
Because 26 degrees Celsius is the minimum warmest temperature necessary for tropical cyclone
development, and tropical cyclones are fueled to intensify by warmer sea surface temperatures,
this represents the tropical cyclone being located in a region just barely meeting the minimum
warm sea surface temperature requirements of tropical cyclone development. As time progresses
during this intense weakening period by 13 September, the tropical cyclone has moved slightly
to the west-northwest and weakened greatly, and as such is now surrounded by a small region of
temperatures between 23 and 26 degrees Celsius, which is quite low for tropical cyclones to
continue to mature and intensify.
In Figures 3a and 3b, one can observe the ocean heat content of the Atlantic Ocean and
surrounding ocean waters around the tropical cyclone as well as the tropical cyclone’s forecast
track prior to the rapid weakening period beginning at 0600 UTC 10 September, and at the end
of the rapid weakening period at 0600 UTC 12 September. In Figure 3a at 0600 UTC 10
September, the tropical cyclone is located in a region with ocean heat content values up to 35
kJcm-2. To put this value into perspective, values of ocean heat content greater than 50 kJcm-2 are
conducive for intensifying tropical systems. By 0600 UTC 12 September, the ocean heat content
values surrounding the tropical cyclone decrease even further to only up to 15 kJcm-2. This
5

pattern represents an environment conducive for weakening, as the small region of cooler sea
surface temperatures surrounding the tropical cyclone could indicate upwelling of cooler ocean
temperatures from greater ocean depths, and cooling as the storm remains relatively stagnant for
the majority of this weakening period. This supports the idea that this may be a cause of the rapid
weakening, as it reinforces that Hurricane Fred did exist in an environment favorable for
weakening and not further intensification.
The synoptic set-up of Hurricane Fred during this weakening period began with
Hurricane Fred located in the central North Atlantic, with a negatively-tilted trough axis to the
west-northwest, and a subtropical ridge to the north-northeast. In Figures 4a and 4b, respectively,
the 300-hPa heights and jet level wind speeds at 0600 UTC 11 September and 0600 UTC 12
September are shown. In Figure 4a at 0600 UTC 11 September, there is a negatively-tilted
trough axis to the west-northwest of the tropical cyclone, and a subtropical ridge pushing into the
north-northeast. Hurricane Fred turns to the northeast at this time and slows its movement to less
than 2.57 m s-1 just ahead of this negatively-tilted trough. As time progresses during the rapid
weakening period up to 0600 UTC 12 September, as shown in Figure 4b, the trough deepens and
begins to interact with the tropical cyclone as it continues to progress just slightly eastward.
Hanley et al. (2001) analyzed rapid intensity changes in continuous 24 hour periods and
determined that in most cases, trough interactions played a major role in these changes. Tropical
cyclone trough interactions are common in the North Atlantic and can lead to rapid intensity
changes. Rapid intensification likely occurs when an upper-tropospheric cutoff low is located
southwest of the tropical cyclone location, and as there is no cutoff low in this location relative to
the tropical cyclone, it can be assumed that this storm will be less likely to intensify (Fischer et
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al. 2019). This arrangement suggests that southwesterly shear pushing ahead of the trough axis as
it progresses eastward plays a major role in the weakening of this tropical cyclone.
In Figure 5, precipitable water, sea level pressure, and 300-hPa wind barbs at 0600 UTC
11 September through 0600 UTC 12 September are shown. At 0600 UTC 11 September, the
tropical cyclone is surrounded by high precipitable water values of over 2.25 in., as it sits in the
central North Atlantic. The wind barbs plotted at 300-hPa provide a clearer representation of the
aforementioned mid to upper-level trough axis that pushes eastward interacting with the tropical
cyclone. As observed at 0600 UTC 11 September, strong southwesterly flow ahead of the trough
axis is advecting drier air and lower precipitable water values upstream into the storm. As time
progresses to 1800 UTC 11 September, the southwesterly upper-level winds increase up to 35 kts
into the tropical cyclone, further bringing even more dry air within the atmosphere into the
southwest quadrant of the tropical cyclone. By the time it reaches 0600 UTC 12 September, the
higher precipitable water values are now concentrated over the northeast quadrant of the tropical
cyclone, as the storm likely becomes tilted and disorganized at this time, and further susceptible
to increased weakening.
In Figure 6, 850-700-hPa layer-averaged relative humidity and wind barbs from 0600
UTC 11 September through 0600 UTC 12 September are shown. At 0600 UTC 11 September,
high relative humidity values of 90 percent and above are shown surrounding the tropical
cyclone as expected. By 1200 UTC 11 September, lower relative humidity values below 50
percent start to move in around the storm on the western side as well as to the north and the east.
As time progresses further to 0600 UTC 12 September, the tropical cyclone starts to become cut
off from regions of higher moisture in the atmosphere, and drier air starts to become advected
into the tropical cyclone on the southwestern and western sides. As the drier air wraps around the
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tropical cyclone, it becomes even further cut off from the necessary moisture required for
intensification, and, thus, it becomes less likely to intensify, and with the highest moisture and
relative humidity values in the northeast quadrant, the tropical cyclone likely becomes tilted.
This represents the drier air being advected into Hurricane Fred on the southern and western
portion of the tropical cyclone, further causing it to likely become even more tilted, as will later
be shown as well due to strong southwesterly shear advecting dry air into the storm. This causes
the tropical cyclone to later fall apart as it becomes disorganized and then continues to weaken.
This drier air being advected into the storm by these strong southwesterly winds is a source for
the weakening of the tropical cyclone at the lower levels of the troposphere as seen in Figure 6,
and dry air throughout the column of the atmosphere is also a source for the dry air being
advected into the storm as seen in Figure 5.
Another source for the dry air causing the storm to fall apart and lead to its rapid
weakening from the lower levels is the dry air off the coast of Africa wrapping up and around the
northeast portion of the storm. Multiple backwards HYSPLIT trajectories were created to display
this source of dry air parcels in the low-level flow. In Figure 7, backwards HYSPLIT trajectories
starting at 0600 UTC 12 September and moving backwards to the beginning of the weakening
period on 9 September are plotted to show the initial source of the air particles that are wrapped
into the storm during this weakening period. The star on Figure 7 represents the tropical cyclone
location, and multiple trajectories are plotted wrapping into the tropical cyclone during this 72hour period. During this weakening period and at the lower levels below 500 m, the majority of
particles wrapping into the tropical cyclone originated from the northeast and east. Because
Hurricane Fred is located just off the west coast of Africa, these air particles coming off the coast
of Africa and wrapping into the tropical cyclone most likely helped bring dry and dusty African
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and Saharan air into the tropical cyclone at the lower levels which helped the tropical cyclone
weaken during this period. During the late spring and through the early fall seasons, hot and dry
stable air originating from the Sahara Desert region in North Africa pushes westward off the
coast and becomes undercut by cool and moist air at the lower levels. It then becomes known as
the Saharan Air Layer (SAL). The SAL contains very dry and dusty air moving westward off the
coast of Africa, and can inhibit the ability of tropical cyclones to strengthen in the Atlantic
(Dunion & Velden, 2004). As the tropical cyclone likely became tilted with dry air being
wrapped into the storm in the southeast quadrant, the majority of the moisture became located in
the northeast quadrant before it collapsed in on itself and fell apart during this rapid weakening
period.
In Figure 8, 200-850-hPa vertical wind shear magnitude and wind barbs at 1200 UTC 11
September and 0000 UTC 12 September are shown. At 1200 UTC 11 September, during the
rapid weakening period, the tropical cyclone can be observed to be experiencing southwesterly
wind shear up to 30 kts, before progressing into 0000 UTC 12 September, where wind shear
values rise slightly up to southwesterly wind shear values of 35 kts. Although there is relatively
consistent directional and speed shear throughout the weakening period, the southwesterly shear
does increase slightly throughout the period, and these wind shear values are far above the 15 kt
vertical wind shear values that are necessary for tropical cyclone formation; thus, these high
shear values are enough to encourage tropical cyclone weakening.
In Figure 9, the vertical wind shear values can be observed using the Advanced
Microwave Sounding Unit (AMSU) area-averaged wind shear and layer mean, showing the mass
weighted deep-layer mean wind in the layer between 200 and 850 hPa. By referring to the speed
shear in red and directional shear in blue, it is clear that starting at nearly 1200 UTC 9
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September, just prior to the start of the rapid weakening period, vertical wind shear values
increased rapidly from 10 kts, which is favorable for tropical cyclone intensification, to 30 kts,
by the time it reached 0000 UTC 11 September. These high wind shear values then continued
throughout the rest of the weakening period. This represents the strong and consistent
southwesterly wind shear acting on the tropical cyclone, and likely helps to tilt the storm until it
becomes disorganized and susceptible to the incoming dry air.
In Figure 10, the horizontally-and-vertically-polarized storm-centered microwave satellite
imagery for 37-GHz and 85-GHz frequencies is shown at 2212 UTC 10 September in the
beginning of the weakening period and at 1304 UTC 11 September, at a time towards the end of
the weakening period. This microwave imagery at various frequencies is used to help represent
the rapid weakening period clearly and display where the tropical cyclone began to fall apart, as
well as represent the effects that these environmental factors had to encourage and support its
weakening. In Figure 10a, at 2212 UTC 10 September, the eye of the tropical cyclone can be
observed for the last time as the tropical cyclone begins weakening, likely becoming tilted as the
convection and precipitation is predominately in the northeast quadrant. The eye also appears to
be breaking apart slightly as the rapid weakening period continues, and struggles to reform as
this, along with cooling and upwelling of cooler ocean temperatures, causes the tropical cyclone
to become more susceptible to weakening and the inflow of dry air. By 1304 UTC 11 September,
shown in Figure 10b, the southwesterly shear takes over the tropical cyclone and likely tilts it
further off balance and even more asymmetric, allowing dry air to break in disrupting the innercore circulation, and thus causing it to fall apart as all of the convection is located downshear.
This represents and provides a visualization of the rapid weakening occurring within this period
caused by and due to the environmental factors acting upon Hurricane Fred and its surroundings.
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Discussion and Conclusion
At the beginning of the rapid weakening period between 0600 UTC 11 September and
0600 UTC 12 September, Hurricane Fred remained stationary while located just west off the
coast of Africa in the central North Atlantic, with a negatively-tilted trough axis to the westnorthwest, and a subtropical ridge to the north-northeast. Within this time period, the tropical
cyclone turned to the northeast and movement slowed to less than 5 kts never making landfall,
and remaining over 50 km away from shore. During this continuous 24-hour period between
0600 UTC 11 September and 0600 UTC 12 September, Hurricane Fred weakened at its greatest
from a Category 1 hurricane to a tropical storm, and its maximum sustained winds decreased by
17.9 m s⁻¹. As previously stated, rapid weakening, or RW, of a tropical cyclone is defined as a
decrease in the tropical cyclone’s maximum sustained winds by 10.3 m s⁻¹ in a continuous 24hour period while consistently weakening over open ocean with no landfall. Therefore, this
decrease in tropical cyclone intensity of Hurricane Fred during this time clearly represents a
rapid weakening period. The environmentally-driven factors that were analyzed in order to
observe these changes in tropical cyclone intensity include relative humidity and moisture
content changes, precipitable water values, sea surface temperatures, ocean heat content, vertical
wind shear, and trough interactions.
By analyzing these factors throughout this weakening period, it is determined that the
main causes leading up to the rapid weakening of Hurricane Fred were due to the southwesterly
wind shear along the leading edge of the trough axis, as well as the dry air being wrapped into
the tropical cyclone coming off the coast of western Africa, and the drier air pushing into the
tropical cyclone from the southwest quadrant. Southwesterly shear leading ahead of the trough
axis takes over Hurricane Fred and likely tilts the vortex, rendering it asymmetric as more dry air
11

is sucked into the tropical cyclone. As the convection becomes dominated in the northeast
quadrant downshear, along with the set-up of cooling and upwelling of deeper and cooler ocean
temperatures, the tropical cyclone becomes more susceptible to dry air, the eye collapses, and
Hurricane Fred falls apart, weakening rapidly while remaining relatively stationary over open
ocean. This continuous 24-hour weakening period is clearly representative of rapid weakening,
and these environmentally-driven factors described are the main causes and thus represent and
aid in justifying the rapid weakening of Hurricane Fred.
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Figures

Figure 1: Best track positions and tropical cyclone intensity of Hurricane Fred from 7-12
September 2009 taken from the National Hurricane Center.
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a)

b)

Figure 2: a) and b) Sea surface temperatures (°C) of the surrounding Atlantic Ocean on 9

September and 13 September. The blue hurricane symbol is the location of Hurricane Fred at
these times.
a)

b)

Figure 3: a) and b) Ocean heat content (kJcm-2) of the surrounding Atlantic Ocean and Hurricane
Fred’s forecast track at 1200 UTC 10 September, and at 0600 UTC 12 September.
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a)

b)

Figure 4: a) and b) 300-hPa heights (dam) and jet level wind speeds (kts) at 0600 UTC 11
September and 0600 UTC 12 September. The red hurricane symbol is the location of Hurricane
Fred at these times.

Figure 5: Precipitable water (in.), sea level pressure (hPa), and 300-hPa wind barbs (kts) at 0600
UTC 11 September through 0600 UTC 12 September. The white hurricane symbol is the
location of Hurricane Fred at these times.

17

Figure 6: 850-700-hPa layer-averaged relative humidity (%) and wind barbs (kts) from 0600
UTC 11 September through 0600 UTC 12 September. The red hurricane symbol is the location
of Hurricane Fred at these times.
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Figure 7: Backwards HYSPLIT trajectories starting at 0600 UTC 12 September and moving
backwards to the beginning of the weakening period on 9 September. The star represents the
tropical cyclone location, and multiple trajectories are plotted wrapping into the tropical cyclone
during this 72-hour period.
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Figure 8: 200-850-hPa vertical wind shear magnitude (kts) and wind barbs (kts) at 1200 UTC 11
September and 0000 UTC 12 September. The white hurricane symbol is the location of
Hurricane Fred at these times.

Figure 9: AMSU area-averaged wind shear and layer means, showing the mass weighted deeplayer mean wind in the layer between 200 and 850 hPa. Speed shear is in red and directional
shear is in blue. This wind shear data is shown from 8 September to 21 September and is taken
from the RAMMB CIRA tropical cyclone archive.
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b)

a)

Figure 10: a) and b) The horizontally-and-vertically-polarized storm-centered microwave
satellite imagery for 37-GHz and 85-GHz frequencies at 2212 UTC 10 September and at 1304
UTC 11 September.
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